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Abstract Understanding how agricultural manage-
ment practices impact nitrous oxide (N,O) emissions
is prerequisite for developing mitigation protocols.
We conducted a meta-analysis on 597 pairwise
comparisons (129 papers) to assess how management
affects N,O emissions. Pairwise comparisons of
practices aimed at improving fertilizer use efficiency
(39%) and tillage (30%) dominated the dataset, while
ecologically-based nutrient management (ENM) prac-
tices constituted 15% of the pairs. In general, across
management practices, the quantity of N added was a
more significant driver of N,O fluxes than was the
form of N (fertilizer, legume biomass or animal
manures). Manure interacted with soil texture so that
in coarse soils, N,O emissions from manures tended to
be higher compared to inorganic N fertilizers. The
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studies of ENM strategies frequently involved over-
application of N inputs in the ENM treatments. Cover
crops reduced N,O emissions compared to bare
fallows. However, during the cash crop growing
season, when differences in N added and N source
were confounded, the extra N inputs from cover crops
were significantly correlated with the differences in
N,O emissions between treatments with and without
cover crops. Overall, in 38% of the data pairs, N,O
emissions were reduced with limited impacts on
yields; in half of these pairs, yields were maintained
or increased while in the other half they were reduced
by only <10%. Knowledge gaps on mitigation of
agricultural N,O emissions could be addressed by
applying an ecosystem-based, cross-scale perspective
in conjunction with the N saturation conceptual
framework to guide research priorities and experi-
mental designs.

Keywords Agroecosystem - Cover crop -
Ecologically-based nutrient management - Fertilizer
use efficiency - Meta-analysis - Nitrous oxide

Introduction

The release of reactive nitrogen (N) into the biosphere
by humans has increased by 120% since 1970
(Galloway et al. 2008). Industrial agriculture accounts
for the greatest proportion of anthropogenic N forcing
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globally, largely due to the use of inorganic N
fertilizers as the primary source of N (Vitousek et al.
1997; Galloway et al. 2008). Reactive N is lost through
two main pathways; NO;~ leaching and release of
gaseous N forms, particularly N, and N,O (Galloway
et al. 2003). Nitrous oxide (N,O) is a potent green-
house gas that is 298 times more potent than CO, on a
100-year time scale, and it is a strong ozone-depletion
substance (Forster et al. 2007). Agriculture accounts
for ~60% of anthropogenic N,O emissions, and
agricultural soils are the dominant source (IPCC
2006). As a result, there is an urgent need to improve
management of agricultural N to reduce N,O emis-
sions from agricultural soils.

Nitrogen saturation theory and agroecosystems

Optimizing N management to achieve yield goals
while minimizing environmental losses has proven to
be a considerable challenge. The loss of reactive N
from agricultural systems is viewed primarily as a
consequence of temporal asynchrony and spatial
separation between applied nutrients and the crops
(Stevenson and Baldwin 1969; Welch et al. 1971,
Cassman et al. 2002). Efforts to mitigate N losses have
focused on increasing the proportion of N fertilizer
taken up by crops using “the 4Rs”, a fertilizer
management strategy that aims to increase crop uptake
by optimizing application rate, chemical composition,
timing and placement of fertilizers (c.f. Chen et al.
2011; Venterea et al. 2016). Using this strategy there
has been some improvement in fertilizer use efficiency
(FUE); that is, yields have generally increased per kg
N~ fertilizer added due to a variety of mechanisms
(Fageria and Baligar 2005; David et al. 2010). Still, on
average about half of the fertilizer N applied is lost to
the environment (Galloway et al. 2003).

Recently, a broader approach to N management
known as “ecologically based nutrient management”
(ENM) has been proposed (Drinkwater and Snapp
2007). ENM is based on concepts developed to explain
changes in forest N biogeochemistry resulting from
chronic anthropogenic N deposition (Agren and
Bosatta 1988; Aber et al. 1989). Ecosystems are
considered to be N saturated when primary produc-
tivity is no longer limited by N, and N additions
exceed the capacity of the ecosystem to cycle or store
N internally (Agren and Bosatta 1988; Aber et al.
1989; _Gundersen.et.al..2006).. The _consequences of
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excess N in ecosystems include increased N mineral-
ization and nitrification, NO;~ leaching, and green-
house gas fluxes as well as soil acidification and base
cation depletion (Fenn et al. 1998). The N saturation
conceptual model highlights the significance of C-N
coupling in driving N retention/loss and has led to
major advances in C and N, and more recently, P
biogeochemistry (Fenn et al. 1998; Luo et al. 2004;
Magnani et al. 2007; De Schrijver et al. 2008;
Mulholland et al. 2008; Schlesinger 2009; Fenn et al.
2010; Vitousek et al. 2010; Crowley et al. 2012).
Application of this conceptual framework could have
similar ramifications for N management in agricultural
systems (Drinkwater and Snapp 2007; Thorburn et al.
2011; Fisk et al. 2015; Attard et al. 2016; Tosti et al.
2016).

In addition to optimizing crop uptake of N fertilizer,
ENM seeks to reduce N losses using practices such as
reduced fallow periods, diversified crop rotations,
increased reliance on biological N fixation and addi-
tions of C containing N inputs such as manure and
legumes which favor C-N coupling and accrual of soil
organic matter reserves (Drinkwater et al. 1998, 2008;
Kallenbach and Grandy 2011; Bowles et al. 2015;
McDaniel et al. 2014). Recoupling C and N can foster
microbially-mediated processes that enhance internal
N cycling pathways that favor N retention/N accrual
(Fisk et al. 2015). Previous meta-analyses have shown
that using ENM practices increased N retention and
reduced NO;~ leaching compared to practices that
only target improved crop assimilation of added
fertilizer (Tonitto et al. 2006; Gardner and Drinkwater
2009; Quemada et al. 2013) suggesting that ENM can
be used in conjunction with the 4Rs to optimize N
fertilizer management and reduce environmental N
losses.

Agricultural practices and their impact on N,O
emissions

A number of meta-analyses have synthesized the
growing N,O literature, and these reviews have
contributed substantially to a better understanding of
the impact of management practices on N,O emissions
(Table 1). Most of these meta-analyses have charac-
terized relationships between fertilizer N management
and N,O emissions with some assessments also
examining yield-scale emissions. Others have limited
the scope of their analysis to a particular region or

www.manaraa.



Nutr Cycl Agroecosyst (2017) 107:335-355

337

Table 1 Focus area and the dataset size of previous quantitative synthesis (2010-2016)

References Study focus

# Studies  # Pair-wise observations
if meta-analysis

Van Kessel et al. (2013) Tillage 41 239
Akiyama et al. (2010) Slow release fertilizer and urease/nitrification inhibitors 35 113
Chen et al. (2013) Residue incorporation 30 219
Van Groenigen et al. (2010) N rates/surplus 19 147
Kim et al. (2013) Fertilizer rates 11 -
Shcherbak et al. (2014) Fertilizer rates 78 -
Linquist et al. (2012) Major cereal crops 57 328
Aguilera et al. (2013) Fertilizer and water management, Mediterranean region 24 -
Basche et al. (2014) Cover crops 26 106

Decock (2014)
Abalos et al. (2016)

Fertilizer management, rotation, tillage, the Midwestern US 48 -

Fertilizer management, North America 23 200

constrained their analysis to focus on the impact of a
few specific practices on N,O emissions. However, a
comprehensive assessment of the full range of agri-
cultural practices and their impact on N,O emissions
has not been conducted. To assess the full range of
options currently available for N,O mitigation, we
conducted an extensive analysis of all management
practices for which there were at least eight published
papers meeting our criteria, including both 4Rs and
ENM practices. We also quantified the tradeoff
between N,O mitigation and yield outcomes in grain
cropping systems. We were particularly interested in
determining whether or not the degree of N saturation
resulting from distinct management practices was
related to N>O emissions. Based on our analyses, we
considered how to improve empirical research on N,O
emissions from agroecosystems, identified knowledge
gaps and recommended future research priorities.

Methodology
Building the dataset

An exhaustive literature search of studies investigating
N,O emissions from grain cropping systems was
conducted with ISI-Web of Science for articles pub-
lished before June 2014. Because the first search
produced a limited numbers of papers for enhanced
efficiency fertilizers, cover crops and diversified rota-
tions, we conducted a second search focusing on these
practices in December 2015 to increase the size of the

database and enable meta-analysis of these practices.
Studies on fertilizer rates were compiled by screening
through a global database by Stehfest and Bouwman
(2006) and further including recent studies after 2006.
Only studies conducted in field conditions that were at
least one growing season in duration were included. Our
final database consisted of 129 studies and 597 pairwise
comparisons (meta-analysis references and database are
available as online Supplemental Information; S1, S2).
We included cover crop studies that measured N,O
emissions from cover crop growth periods, cash crop
growth periods or both, and examined these sub-groups
separately. For studies comparing diversified rotations
to simplified rotations, cumulative N,O emissions from
the entire rotation were used as one observation. For
other studies testing treatments other than rotation
effects (e.g. tillage, fertilizer practices), we treated each
grain crop in the rotation as an observation. When
experiments were repeated for multiple growing sea-
sons/years, average cumulative emissions per growing
season/year (in kg N,O-N ha™' year™") were used to
avoid bias towards multi-year measurements. Soil
texture, pH, climate, yield data were extracted from
each study when available. Studies reported crop yields
at varying moisture contents, so water content of grain
yields was adjusted to the percent moisture commonly
used for each grain: 14.5% moisture content for maize
(Zea mays), 16.5% wheat for (Triticum spp), 18% for
barley and 10% for canola. For studies that reported
yield information, we calculated yield-scaled N,O
emissions (YSE), which was N,O emissions divided
by the crop yields.
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Categorizing the management strategies

Management strategies were categorized into three
broad groups and the control-treatment pairs within
each group are described in Table 2. The first group
consisted of practices that aim to increase FUE by
increasing crop assimilation of fertilizer N based on
the 4Rs concept. This category includes practices that
manipulate fertilizer application rate, placement and
timing, or use enhanced efficiency fertilizers. Beyond
the focus on crop uptake, other processes governing N
cycling and agroecosystem-scale N saturation are not
addressed by these practices with the exception of
chemical modifications of fertilizers such as inclusion
of nitrification inhibitors. Our second grouping, eco-
logically-based nutrient management (ENM) aims to
reduce N saturation in space and time by reducing N
additions in conjunction with greater reliance on
internal soil N cycling processes. Diversifying crop
rotations and reducing bare fallows, particularly by
adding cover crops or perennials, as well as expanding
reliance on legume N sources are examples of
practices that are compatible with this strategy. Lastly,
several practices that impact N,O emissions and other
environmental N losses do not fall into either FUE or
ENM. For example, replacing inorganic N fertilizer
with manure can either recouple C and N cycling or
exacerbate N saturation depending on the timing and
rate of manure application (Edmeades 2003; Blesh and

Drinkwater 2013). Likewise, reduced tillage can be
used in conjunction with either FUE or ENM practices
but does not fit into either management strategy in its
own right. Studies evaluating the impact of these
practices on N,O emissions have been placed in the
“Others” category (Table 2).

We found 203 pairs of observations assessing the
impacts of different fertilizer rates. To better reflect
the agronomic context, a subset of the studies on N
fertilizer rates was created by identifying the recom-
mended fertilizer rates used in each study and
excluding pairs with no fertilizer application. N,O
emissions from fertilizer at recommended rates were
defined as controls, with other application rates as
treatments. The subset was categorized by higher or
lower than recommended rates to examine the rela-
tionships between fertilizer rates and N,O emissions in
further detail. Recommended rates were determined
using extension resources for specific crops by region
or state unless otherwise specified by the authors.

Data analysis

The effect size for each control-treatment pair was
estimated using the response ratio (R = Xt/Xc),
where Xt is the mean N,O emission from the
treatment, and Xc is the mean N,O emission from
the control. To perform meta-analysis, the natural

Table 2 Descriptions of control-treatment pairs by category, number of studies and pairwise comparisons for each category

Category Control Treatment # Studies # Control-
treatment
pairs

Fertilizer use efficiency (FUE) Recommended fertilizer ~ Higher fertilizer rate 21 61

rate
Recommended fertilizer =~ Reduced fertilizer rate 15 49
rate
Shallow fertilizer Deep fertilizer placement 8 28
placement
Fall fertilizer application Delayed fertilizer 8 34
application®
Urea Polymer-coated Urea 23 60
Ecologically-based nutrient management Bare fallow Cover crops 21 61
(ENM) Simplified rotation Diversified rotation 12 31
Others Inorganic fertilizer Manure 23 91
Conventional tillage Reduced tillage 46 181

* Delayed fertilizer application: fertilizer application in spring or split application during growing season
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logarithm of Response Ratio (LRR) was used to
normalize data distribution (Johnson and Curtis 2001).
We performed an unweighted meta-analysis because
roughly more than half of the studies did not report a
measure of variance. Bias-corrected 95% Confidence
Intervals (95% ClIs) were generated through a boot-
strapping procedure in MetaWin 2.0 (5000 iterations).
Bootstrapping Cls can be biased due to re-sampling
from a small dataset (Bancroft et al. 2007; Montero-
Castaiio and Vila 2012) so for groups with <10
observation pairs, we used the more conservative
95% ClIs instead of bias-corrected 95% CI. The 95%
CIs were converted to the percent change of N,O
emissions from treatment groups compared to the
controls for easier interpretation. A CI not overlapping
with zero suggests a significant treatment effect and
non-overlapping Cls indicate significant difference
between groups.

Using the method described above, we conducted
our meta-analysis on area-scaled and yield-scaled N,O
emissions. We further explored the effect sizes with
categorical variables such as soil texture, fertilizer
rates and manure forms and continuous variables such
as manure pH and manure C:N ratios to examine how
specific management regimes impact N,O emissions.

To assess the tradeoff between yield and N,O
mitigation, Yield Ratio was calculated as the ratio of
yield in a treatment to yield in the control. N,O Ratio
was calculated as the N,O from a treatment over the
control. For studies comparing diversified to simpli-
fied rotations, Yield Ratio was calculated based on
yields of the same crops in the different rotation using
yields from the least diverse rotation as the control.

Results
Overview of dataset

Control-treatment pairs targeting FUE practices
(39%) and reduced tillage (30%) dominated the
dataset, followed by studies comparing manure to
inorganic N fertilizers (15%), while studies on two
ENM strategies accounted for 15% of the pairs
(Table 2). Although the data set represented a global
coverage, there was geographic imbalance within the
dataset, with most of the measurements in developed
countries in North America and Europe. The geo-
graphic.coverage.of .the data.was.as.follows: USA

(34%) and Canada (23%), Asia (19%), Europe (17%),
South America (4.5%), and other regions (6.7%) with
the vast majority (81%) being located in temperate
climatic zones. Only 28% of the 129 studies were
conducted in irrigated areas and the top five cash crops
studied were maize (56%), wheat (18%), barley
(14%), soybean (8.2%), and canola (4.2%).

Overall, adjusting fertilizer rates had the most
significant impact on N,O emissions among all
management practices (Fig. 1). For all other manage-
ment practices we did not detect significant differ-
ences in N,O emissions compared to the controls.

Strategies aimed at FUE

Meta-analysis showed that on average, applying
fertilizer at higher than the recommended rates
increased N,O emissions by 55% (bootstrapping
95% CI 38-73%), while applying fertilizer at lower
than recommended rates decreased N,O emissions by
33% (bootstrapping 95% CI —39 to —26%). Average
N,O emissions from the control group (recommended
rates) were 2.6 kg N,O-Nha ' year™' (range
0.1-19.5 kg N,O-N ha~' year™') while average emis-
sions from treatments higher or lower than recom-
mended fertilizer rates were 3.1 kg N,O-N ha™'
year ! (range 0.09-20.0 kg N>O-N ha™' year ') and
2.3 kg N,O-N ha™' year ' (range 0.17-19.6 kg N,O-
N ha™! year™"), respectively.

Manure compared to Inorganic fertilizer

When all studies comparing manures to N fertilizer
were included in the analysis, regardless of differences
in N additions, the percent change for N,O emissions
using manure instead of fertilizers averaged 12% with
a range of —9 to 38% (bootstrapping 95% CI). The
average N,O emission from the manure treatment
group was 3.8 kg N,O-N ha™' year™' compared to
3.4 kg N,O-N ha™' year™' for the inorganic fertilizer
treatment group. However, in 8 out of 23 studies, N
additions from manure were greater compared to those
from N fertilizer. Removal of these pairs resulted in
average N,O emissions of 4.8 kg N,O-N ha™' year™!
from inorganic fertilizers and 4.2 kg N,O-N ha™'
year~' from manures. The average percent change for
N,O emissions using manure instead of fertilizers
shifted from 11 to —3% (bootstrapping 95% CI —13 to
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8%) indicating that the level N inputs was a significant
driver for the manure effect on N>O in the full dataset.
This hypothesis was confirmed by a positive correla-
tion between the LRR for N,O emissions and the
difference in total N inputs (y = 0.0081x — 0.033,
R? = 0.23, p < 0.0001, Fig. 2a). Furthermore, the
slightly negative intercept of the regression line
resulting from the wide spread of data points around
the origin suggested that other factors, such as manure
properties and environmental factors, contribute to the
negative drift of the intercept. For example, total
ammoniacal nitrogen contents, the sum of NH3 and
ammonium (NH, ") in manure, can differ significantly
depending on manure sources and soil textures
(Sommer and Hutchings 2001). We therefore further
examined this variability. Using this subset of pairs
where total N inputs from manure and inorganic
fertilizer were the same, neither manure type (slurry or
solid) nor manure pH influenced N,O emissions.
However, we found a significantly negative correla-
tion between the LRR for N,O emissions and soil clay
content (Fig. 2b). In coarser soils, manure slightly
increased N,O emissions compared to inorganic
fertilizer, while in finer soils, manure tended to have
similar or lower N,O emission compared to fertilizer.
We also found a negative relationship between LRR
and manure C:N ratios (y = 3.6 — 0.13x, R? = 0.2,
p = 0.04, data not shown). It is important to note that
11 out of the 23 studies in the Manure group did not
report manure C:N ratios, and 14 studies did not report
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manure pH values, and six studies did not provide soil
texture information.

Ecological nutrient management strategies

The 21 studies in the Cover Crop category were highly
variable in terms of the focus of N,O measurements.
Six studies (19 observations) measured N,O during
only the cover crop growth period. An additional nine
studies (37 observations) measured N,O emissions
during only grain crop growth, after cover crops had
been killed or incorporated. The remaining six studies
measured N,O emissions during both cover crop and
grain crop growth, but only three of these studies
reported the two crop phases separately. Using the data
available for each crop phase, we found that N,O
emissions from cover crop growth periods were 58%
lower (bootstrapping 95% CI —81 to —27%) com-
pared to bare fallows (Fig. 3). When we excluded the
six observations from legume cover crops we found a
slightly greater average reduction of 66% with a
similar level of variation (bootstrapping 95% CI
ranging from —87 to —29%) suggesting that living
cover was the primary driver, regardless of the N
acquisition strategy. However, the limited data from
legume cover crop growing periods may have hin-
dered our ability to distinguish the impact of legumes
and non-legumes during the cover crop phase.

All studies reporting N,O emissions during the cash
crop growing season compared “controls” receiving N
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Fig. 2 a Relationships between the natural logarithm of the
response ratio (LRR) for N,O emissions from manure (treat-
ment) versus fertilizer (control) and a difference of total N
inputs from manure and fertilizer (n = 92). b Relationships

fertilizer to treatments receiving N fertilizer plus cover
crop biomass. As a result, the cover crop treatments
received an average of 89 kg Nha™' more N compared
to the controls with total C and N additions varying
greatly, depending on cover crop biomass and species.
On the low end, grass cover crops producing less than
1.5 Mg dry weight of biomass added only 9-31 kg N
ha~! while highly productive legume cover crops
added 156279 kg ha™' of additional N. Only two
studies reduced fertilizer N rates in the cover cropped
treatments to reflect N added from legumes (Robertson
etal.2000; Alluvione et al. 2010). The C:N ratios of the
cover crop biomass also varied greatly, ranging from
10 to 26 for legumes and grass cover crops,
respectively.

Based on the 12 studies reporting N,O emissions in
cover cropping systems during the cash crop growth

(b) 1.0

0.5 1 °

-1.0 A ° o
Y =-0.0017x + 0.3537

R2 = 0.41, p< 0.0001

100 200 300 400 500 600 700
Clay Content (g/kg)

between the natural logarithm of the response ratio (LRR) for
N,O emissions from manure (treatment) versus fertilizer
(control) and the soil clay content (g kg~"). The total N inputs
from manure and fertilizer were the same (n = 47)

periods in conjunction with cover crop N content, we
found a significant positive correlation between the
LRR for N,O emissions and the extra N inputs from
both legume and non-legume cover crops (y =
0.0023x, R? = 0.08, p = 0.003, Fig. 4a). Removing
an extreme value where extra N inputs = 242 kg N
ha~' and LRR = 1.7 increased the proportion of the
variation in N>O emissions was attributed to the extra
N inputs (y = 0.0013x, R* = 0.15, p = 0.04). N,O
emissions tended to be negatively correlated with
cover crop C:N ratios but the relationship was not
significant (y = —0.099x + 2.9, R* =0.09, p =
0.15, Fig. 4b).

We could not analyze the full cover cropping
dataset for the independent effects of cover crop type
(legume versus non-legume) or tillage (incorporation
vs no-till) because only two observations represented

Fig. 3 Effect of cover crops
on area-scaled N,O
emissions depending on

different measurement
periods. Mean values and
95% confidence intervals of
the back-transformed
response ratios are shown
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instances where legume cover crops were not incor-
porated. Thus, two conditions, which we expected to
increase N>O emissions (N-rich biomass and incor-
poration of shoots), were confounded. We analyzed
sub-categories with sufficient data points and did not
detect significant effects of either cover crop type or
tillage on N,O emissions (Fig. 4c). The small number
of observations combined with the variable additions
of fertilizer N to cover crop treatments probably
contributes to the large variation in N,O emissions
observed within these subsets.

We found no detectable effect of diversifying
rotations on N,O emissions, possibly because the
“diverse” rotations usually consisted of only two
alternating crops. For example, in the Diversified
Rotations group, eight out of the twelve studies
compared monocultures such as continuous maize or

wheat to rotations that included one additional crop
such as maize—soybean or maize—dry bean, or lupin—
wheat. Therefore, most of the studies compared
continuous monocultures to relatively simple rotations
that did not reduce bare fallow periods. In the three
studies that reduced bare fallow periods in conjunction
with reduced fertilizer N inputs diversified rotations
had reduced or similar N,O emissions in (Jacinthe and
Dick 1997; Jantalia et al. 2008; Benoit et al. 2015).

Impacts on N,O emissions and associated yield
consequences

Seventy-three out of the 129 studies reported yields
and enabled us to compare yield-scale emissions
(YSE) for 341 data pairs (57% of the full dataset). The
overall pattern of YSE was similar to our results for

(b) © .
= y =-0.099x + 2.9
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z . P=0.15
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= .
g o .
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e 2 .
L °
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Fig. 4 a Relationship between the natural logarithm of the
response ratio (LRR) for N,O emissions from cover crops
(treatment) versus bare fallows (control) and the extra N inputs
from cover crops (n = 29). Solid dots incorporation, open dots
no till. b Relationship between N,O emissions and cover crop
C:N ratios (n = 27). ¢ Effect of cover crop types and tillage on
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N,O emissions reported as percent change from the control
(bare fallows). Mean values and 95% confidence intervals of the
back-transformed response ratios are shown. N,O emissions
were based on measurements during cash crop growing periods
in all three figures
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area-scaled emissions; increasing fertilizer application
rates above the recommended N rates significantly
increased YSE while lower than recommended rates
reduced YSE (0.45 compared to 0.25 kg N,O-N Mg~
grain, respectively; with min 0.01 and max 2.64 kg
N,O-N Mg~ for both groups). Yield-scaled emis-
sions were not significantly different among maize and
winter grains (crop averages ranged from 0.24 to
0.30 kg N,O-N Mg~! for maize, barley and wheat)
while soybean and canola had comparatively greater
YSE (0.90 and 0.99 kg N,O-N Mg~ '; data reported in
Table S1 and Table S2).

Plotting N,O Ratio (N,O emission from treatment
over control) against Yield Ratio (the yield of
treatment over the yield of control) for each control-
treatment pair showed that most treatments tended to
have a greater impact on N,O emissions compared to
yields (Fig. 5). Only fifteen observations from four
studies had Yield Ratios larger than 1.5. In contrast,
sixty observations from 29 studies had N,O Ratio
larger than 1.5. Among 341 data pairs, 43% had
increased N,O emissions with half of these data pairs
falling into the “lose—lose” quadrant, which increased
N,O and decreased yields. Only 17% of data pairs
achieved the “win—win” situation that mitigated N,O
with yield benefits while 38% of the pairs fall into the
bottom-left quadrant, which decreased N,O emissions
but had some yield penalty. Nearly half (44%) of these
data pairs in bottom left quadrant had a <10% yield
reduction, suggesting that N,O mitigation could be
achieved with minor yield loss.

Across the three categories, the ENM strategies had
nearly symmetrical impacts on N,O emissions and
yields, with the vast majority of data pairs falling
between 0.6 and 1.4 for both axes. In contrast,
strategies in FUE and Others tended to have much
greater variation in N,O emissions with instances
where N,O emissions were 2-3 fold greater while
yields showed only small gains, and in some cases
were reduced. There was a significant exponential
relationship between N,O Ratio and Yield Ratio for
studies that altered fertilizer rates (R2 =0.21,
p < 0.001), Fig. 5a).

Fourteen out of 15 data pairs in the Fertilizer
Placement group had N,O ratios higher than one,
ranging from 1.2 to 2.4, of which half resulted in yield
decrease. In the Tillage group, using reduced tillage
compared to conventional tillage resulted in moderate
decrease.in.yields.for.71%.of the pairs,.among which

nearly half had increased N,O emissions in conjunc-
tion with reduced yields. In the Manure group,
replacing fertilizer N with manure decreased N,O
emissions in 29 out of the 51 data pairs, however, 20
out of the 29 pairs also decreased yields with the
majority showing greater than 10% yield reduction.
Lastly, in the Polymer-Coated Urea group, 39 of the
58 pairs resulted in decreased N,O with the corre-
sponding Yield Ratios equally split between increased
or decreased yields.

Discussion
Fertilizer management

We found that N fertilizer rate had the most significant
impact on N,O emissions. This is in line with previous
study reporting that N,O emissions were mainly
controlled by fertilizer rates (Bouwman et al. 2002).
The consistency of this relationship between the
quantity of N applied and N,O emissions is congruent
with studies linking N rates to the size of soil inorganic
N pools, nitrate leaching and total N losses (Boy-
Roura et al. 2016; Rasmussen et al. 2015; Shaddox
et al. 2016). Furthermore, this demonstrates the central
role of reactive N in driving loss pathways as predicted
by the N saturation hypothesis. We also found an
exponential relationship between N,O Ratio and Yield
Ratio suggesting that N,O emissions increased expo-
nentially when fertilizer application exceeded plant
uptake (McSwiney and Robertson 2005; Van Groeni-
gen et al. 2010; Linquist et al. 2012). This is in line
with the findings of an extensive global synthesis by
Shcherbak et al. (2014) that N,O emissions in
response to increasing N inputs were exponential
rather than linear.

Altering the timing and depth of fertilizer applica-
tion or slowing down the release of inorganic N by
using polymer-coated urea instead of urea did not
consistently reduce average annual N,O emissions.
While the specific mechanisms differ among practices,
the underlying premise for all of these practices is that
improving the synchrony/proximity of N fertilizer
with plant uptake/plant roots will enable crops to take
up more fertilizer N with corresponding reductions in
environmental N losses. Using polymer-coated urea is
likely to have the greatest impact on N losses and N,O
emissions in the short term, immediately after
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Fig. 5 The tradeoff between yield and N,O mitigation. The
Yield Ratio (X-axis) is calculated as the ratio of treatment yields
to control yields and the N,O ratio (Y-axis) is treatment N,O
emissions from over those from the controls. To increase the
clarity of the graphs, some data points with extreme values were
not shown. Seven data points in the Tillage group reporting a
yield ratio larger than 2.0 and N,O rations of 0.56—1.8 are not

application, but its effectiveness over a longer time
frame is subject to weather patterns (Hatfield and
Venterea 2014). As a result, it appears that the timing
of N losses is altered, but retention over the entire
growing season or into the following year is not
improved (Venterea et al. 2011). We were also unable
to detect a consistent pattern in N,O emissions
resulting from placement techniques, probably due
to the interaction of fertilizer placement with other
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shown. All seven observations were from Plaza-Bonilla et al.
(2014). Three data points in Manure group (from van Groenigen
et al. 2004), one data point in Tillage group (from Abdalla et al.
2010) and one data point in Polymer-Coated Urea group (from
Ji et al. 2012) reported N,O Ratio higher than 5.0 and Yield
Ratios ranging from 0.93 to 1.05 were not plotted

factors such as fertilizer type, soil texture, tillage type,
etc. (Eagle et al. 2012).

Meta-analysis of '°N tracer studies indicates that
some FUE practices do increase the proportion of N
fertilizer taken up by the crops with corresponding
reductions in the proportion of N lost, however the
impact on N losses tends to be less than the increase in
crop acquisition (Gardner and Drinkwater 2009). For
example, improving temporal synchrony through
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various practices increased crop acquisition of N
fertilizer by 13-42% but these same practices
increased total N fertilizer recovery by only 2-21%
(Gardner and Drinkwater 2009). The inconsistent
conclusions between studies using '°N tracers to study
N losses as a whole versus those that measure only
N,O emissions highlight the fact that N,O emissions,
per se are not indicative of total N losses, since N can
also be lost through leaching of NO5; ™ and as N, during
denitrification. Furthermore, the proportion of N
released as N,O rather than N, during denitrification
can vary tremendously. For example, in some cases
treatments with similar N,O emissions have been
shown to have very different rates of gaseous N losses
due to differences in the partitioning of N released as
N,O versus N, (Cavigelli and Robertson 2000;
Kramer et al. 20006).

Taken together these results suggest that practices
targeting FUE in terms of crop uptake do not
necessarily decrease N,O emissions even if crop
FUE is improved. However, one limitation of these
FUE studies is that they all use a factorial design, and
only a single aspect of N fertilizer management was
modified. While this is a necessary starting point, other
studies of FUE using 4Rs strategy find that integrating
practices that improve synchrony of N availability and
crop assimilation enables reductions in N rates while
maintaining yields (Meng et al. 2016; Sela et al. 2016).
In the N,O studies available for this meta-analysis,
when N fertilizer rate was tested, none of the other 4Rs
were implemented (i.e. timing and placement are not
adjusted to improve crop assimilation of fertilizer N).
Furthermore, in studies of other 4Rs practices, such as
deep placement or split applications, the rate of N was
not reduced in the treatments where were expected to
improve FUE. This points to a significant knowledge
gap; the potential for the 4Rs strategy to contribute to
even greater reductions in N rates, which in turn will
certainly reduce N,O emissions, has not been suffi-
ciently investigated.

Manure management

Differences in N,O emissions from fertilizer and
manure in our dataset were positively correlated with
differences in total N inputs between the two sources,
suggesting that the effects from different N sources
per se and total N rates should be examined separately.
When we.analyzed.the pairs. where N.inputs were the

same for manure and N fertilizer, the effect ratio
shifted lower indicating that N,O emissions from
manure were similar to fertilizers or even lower. This
suggests that using the same default emission factor
(1%) for manure and fertilizer N in IPCC Tier 1
guideline for international/regional calculations is
acceptable. However, the large variation around the
fitted line in Fig. 2a highlights the importance of
considering manure composition and local soil prop-
erties when developing country- or site-specific emis-
sion factors (IPCC Tier 2 & 3).

Many experiments comparing the effect of manure
versus N fertilizer on N,O emissions apply greater
amounts of N to the manure treatments. This con-
founds the impact of N source versus the quantity
applied and leads to the misperception that manure per
se increases N,O emissions (Perala et al. 2006; Sistani
etal. 2011; Velthof and Mosquera 2011). In a regional
study of the Midwestern US Cornbelt, Decock (2014)
synthesized nine studies comparing emissions from
manure with emissions from fertilizer. In this case,
Decock found that manure led to higher N,O emis-
sions compared to fertilizer, concluding this could be
due to “manure-induced changes in readily available
C, soil structure and/or microbial communities”
although 22 of the 73 observations had higher total
N inputs from manure compared to fertilizer.

The application of greater amounts of total N in
manure treatments used in some experiments probably
reflects farmer practice because farmers often apply
manure N at rates much higher than they would apply
fertilizer N to achieve similar total plant-available N.
Thus, these studies should be interpreted differently
than those using a factorial design. They provide
useful information about how typical farmer manure
practices impact N,O emissions compared to fertiliz-
ers but they don’t provide the information we would
need to make recommendations for better practices
since we don’t know if the greater N,O is an inherent
risk with manure use or if it is due to the larger N
applications.

Our analysis underscores the importance of avoid-
ing excessive applications of manure, and highlights
the differing effect of soil texture on N,O emissions
following additions of inorganic fertilizer and manure.
We found that as clay content decreased, using
manures instead of inorganic fertilizers tended to
increase N>O emissions. This could be due to the
lower SOC contents usually found in coarse-textured
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soils. The addition of C from manure application could
relieve C limitation and N>O emissions could there-
fore be stimulated (Chantigny et al. 2010). In the end,
accurate predictions of N,O emissions from manure
will require consideration of manure characteristics as
well as climatic conditions and soil properties. The
heterogeneity of manures presents a particular chal-
lenge given the huge variability in C: N ratios, as well
as the large differences in inorganic N, water and
labile versus recalcitrant compounds, all of which will
then interact with native soil organic matter and
environmental conditions to drive N cycling. For
example, Aguilera et al. (2013) reported that N,O
emission per N applied was higher for liquid manure
than solid manure in Mediterranean soils where soil
organic C and N contents were very low and N,O
production was promoted by higher NH," in slurry.
The negative relationship we found between LRR and
manure C:N ratios is congruent with our understand-
ing of decomposition dynamics. Manures with larger
C:N ratios tended to generate less N,O compared to
fertilizers due to increased immobilization and reduc-
tions in standing inorganic N pools. Thus, manure
application rates could be adjusted to reflect C:N ratios
so that manures with greater C contents are applied at
higher rates.

Nitrous oxide emissions resulting from the land
application of manure are not the only concern in
manure management. Ammonium loss and other
greenhouse gas emissions can occur during the
processing and storage stages. Manure management
plans should be based on impacts on total greenhouse
gas emissions along the whole management chain
because measures that reduce one GHG can influence
emissions of other GHGs at different stages of manure
management. In addition, the tradeoff between
ammonium loss and N,O emissions should be
considered. For example, NH3 mitigation measures
for manure land application, i.e., slurry injection or
direct incorporation of manure can result in increased
emissions of N,O and total GHG emissions across all
stages of manure management (Hou et al. 2015). To
optimize manure management and minimize environ-
mental impacts will require full life cycle analyses of
manure in order to avoid a piecemeal approach that
may ultimately reduce GHG emissions at one stage
only to increase emissions at other points in the
process.
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Ecologically-based nutrient management practices

Overall, only a limited number of field studies have
measured the impact of cover cropping on N,O
emissions. To fully quantify the impact of cover
cropping on N,O emissions, it is important to collect
measurements during both the fallow and the cash
crop growing periods of the rotation cycle and to
distinguish between these two phases. Studies that
focused on the cash crop growing season dominated
our dataset while studies comparing N,O emissions
from the growth periods of legume cover crops versus
bare fallows, such as Li et al. (2015) were especially
lacking. Growing non-legume cover crops during the
traditional fallow periods significantly reduced N,O
emissions, probably because cover crops actively
scavenged soil N and led to decreased N,O by
reducing soil NO; pools (Thorup-Kristensen et al.
2003). This suggests that including cover crops to
reduce bare fallows could make significant contribu-
tions toward reducing N,O emissions, as long as they
are managed appropriately during the cash crop
growing season. We found no significant effect of
cover crops on N,O emissions during the cash crop
growing season.

While the small number of studies investigating the
impact of cover cropping and other ecological nutrient
management strategies is a major issue limiting our
analysis, this limitation is amplified by the fact that in
many studies rotation, use of cover crops and the
amount of N added were confounded. Specifically, in
most of these studies, the ENM treatments received
greater N inputs compared to the controls. Most
investigators did not reduce N fertilizer applications to
account for the value of N released from the cover crop
biomass, a standard recommendation in the extension
literature. Nitrogen additions from cover crops can be
substantial in the case of leguminous biomass and
adding fertilizer N in conjunction with N-rich legume
biomass usually results in significant N over-applica-
tion (c.f. Komatsuzaki et al. 2008). The positive
correlation between LRR and extra N inputs from
cover crops indicates that, as with fertilizers and
manure, the amount of N inputs is an important driver
of N,O emissions. Furthermore, as has proven to be
the case in the manure dataset, assessing the impacts of
cover crops on N,O emissions when cover crop
treatments are receiving more total N confounds the
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effect of the quantity of N inputs with the effect of
using cover crops as an N source. Therefore, our
finding that N,O emissions during the cash crop
growth phase were not significantly different follow-
ing cover crops compared to N fertilizer must be
viewed with caution because the cover cropped
treatments received greater total N inputs compared
to the fertilizer controls in all but one study (Robertson
et al. 2000). In fact, the two studies that reduced
fertilizer inputs based on N from green manures
reported similar or reduced N,O emissions with green
manures (Robertson et al. 2000; Alluvione et al. 2010).

In contrast with our findings, Basche et al. (2014)
reported that legume cover crops significantly
increased N,O emissions compared to non-legume
cover crops during the cash crop growth phase.
Similar to our analysis, Basche et al. (2014) included
field studies measuring N,O during the grain crop
growing periods or all year round, but they also
included studies we excluded, such as field experi-
ments and growth chamber incubations that measured
N,O emissions for short periods (less than 60 days)
following cover crop incorporation/killing. Half of the
observations they reported showing much greater N,O
emissions from legumes compared to non-legumes
are from studies comparing cover crop biomass to
controls with zero N additions (e.g. Baggs et al. 2000;
Millar et al. 2004; Basche et al. 2014; Fig. 2). Their
conclusions reflect the fact that when cover crop
treatments are compared to a control receiving zero N,
N,O emissions will be largely driven by the amount of
N and C:N ratio of the biomass and will most certainly
be greater compared to a zero N control. This would
also be the case if N fertilizer treatments were
compared to zero N controls. To better inform N
fertilizer management in conjunction with cover
crops, we need to understand how fertilizer additions
interact with cover crop biomass. To do this, a broader
range of treatments that include different N fertilizer
rates = cover crops will need to be included in
experimental designs (c.f. Stivers and Shennan 1991).

For example, an experimental design that compares
the impact of cover crops alone to a zero N control as
well as a treatment of cover crop + reduced N
fertilizer can shed light on the interactions between
N fertilizer and cover crops when they are used
together. In one study N,O emissions were measured
under maize receiving N inputs from alfalfa with +N
and.controls with £N_fertilizer (Drury.et.al. 2014).

Comparing the O N control to the plowed-down
alfalfa alone resulted in a large response ratio
(R =5.78, N,O emissions 0.51 and 2.95 kg N,O-
N ha™', from ON and legume treatment, respec-
tively). In contrast, comparing the alfalfa with the
fertilizer N control resulted in a response ratio of 0.40
(N,O from N fertilizer at 129 kg ha™' = 7.36 kg
N,O-N ha™! versus 2.95 kg N,O-N ha™! receiving
242 kg N ha™' from alfalfa). When the +N control
and +N alfalfa treatments receiving the same amount
of N fertilizers were compared, the response ratio was
reduced to 0.88, but N,O emissions from both
treatments were much greater (7.36 and 6.46 kg
N,O-N ha™!, respectively). The greatest differences
in N,O emissions were observed between the zero N
control versus the treatments receiving either fertilizer
N only or fertilizer N 4 legume biomass (N,O from
0N = 0.51 compared to 7.36 and 6.46 kg N ha™',
respectively) suggesting that among these scenarios
the N fertilizer was the N source with the greatest
tendency to increase N,O emissions. While results
from a single study are interesting, our main point in
highlighting these results is to demonstrate the
importance of using a more comprehensive experi-
mental design to elucidate interactions between N
sources and distinguish between the impact of appli-
cation rate and composition of added N.

Even in the face of greater N additions to cover
cropped treatments, we found a trend that C:N ratios
correlated inversely with the N,O emissions. Previous
field and laboratory studies have reported such rela-
tionships under similar environmental conditions
(Huang et al. 2004; Gomes et al. 2009). The fact that
this relationship emerged despite environmental varia-
tion further highlights the importance of C abundance in
regulating N,O emissions and supports the idea that C
and N should be managed in conjunction with one
another in order to improve N use efficiency and N
retention (Drinkwater and Snapp 2007; Fisk et al. 2015).

In the Diversified Rotation category, when fertilizer
rates for maize were not reduced based on the residual
N from the preceding legume crops, increased N,O
emissions occurred during the maize phase of the
rotation after legume crops (Mosier et al. 2006; Drury
et al. 2008; Halvorson et al. 2008; Halvorson et al.
2010). In other studies where fertilizer rates for the
non-legume cash crops were reduced there was no
increase in N,O emissions in grains following legumes
and the cumulative emissions in the diversified
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rotations were either lower or not significantly differ-
ent compared to the monocultures (Adviento-Borbe
et al. 2007; Barton et al. 2013).

Tradeoff between yield and N,O mitigation

Our analysis suggests that farmers could achieve
significant N,O mitigation with only minor yield
losses, by implementing well-designed N manage-
ment strategies. It is worth noting that yield loss does
not necessarily translate into economic losses. Match-
ing crop demands with economic returns rather than
applying N for maximum agronomic yields could
avoid substantial N,O emission and achieve yield—
environment co-benefits (McSwiney and Robertson
2005; Robertson and Vitousek 2009; Hoben et al.
2011; Linquist et al. 2012). Furthermore, studies of
FUE suggest that comprehensive implementation of
the 4Rs strategy could enable reductions in N fertilizer
rates without incurring yield reductions (Meng et al.
2016; Sela et al. 2016). Clearly, there is great potential
in achieving N,O and yield “win-win” outcomes that
have yet to be explored.

About half of the studies in our dataset did not report
yield information. Although there were increasing
numbers of papers reporting both area-scaled and
yield-scaled emissions, we still saw a segregation of
“agronomic” literature that focused on yield improve-
ment, and “environmental” literature that focused
greenhouse gas emissions. Maintaining crop production
and improving N management to minimize environ-
mental consequences should become the dual-targets of
research on N,O emissions from agricultural systems.
The multifunctionality of agriculture should be recog-
nized and future research should aim towards reconcil-
ing agricultural productivity and environmental
integrity (Robertson and Swinton 2005).

Improving empirical research on N,O emissions
from agriculture

Linking management practices to N,O emissions is
particularly challenging due to multiple, interacting
proximate and distal factors that drive nitrifica-
tion/denitrification and ultimately determine N,O
emission rates (Robertson 1989; Chapin et al. 2011).
In addition to issues related to the problem of
confounding variability in N source with N quantity
commonly found.in studies.of alternative N sources,
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other aspects of the dataset limited our ability to
explain the variability in N,O emissions within and
across management practices. Better understanding of
how to successfully mitigate N,O emissions from
agricultural systems will require studies of N,O fluxes
in agroecosystems to account for a broad range of
biotic and abiotic factors, beginning with ecosystem
state factors. Ecosystem state factors such as soil
parent material, climate and topography play a role in
shaping agroecosystems (i.e. crops that are grown,
irrigation, and nutrient management regimes) and also
interact with management practices to effect N,O
emissions. Nevertheless, many studies did not report
basic soil information and very few considered
interactions between the management practices and
ecosystem state factors. For instance, while many
studies recognized the importance of landscape char-
acteristics on N,O emissions (Corre et al. 1996;
Castellano et al. 2010; Vilain et al. 2010; Gu et al.
2011; Li et al. 2012; Schelde et al. 2011) only few
examined the interaction between landscape charac-
teristics and management strategies (Sehy et al. 2003;
Izaurralde et al. 2004; Negassa et al. 2015). Sehy et al.
(2003) found that adjusting fertilizer rates for different
landscape positions was effective at reducing N,O.

In addition to the limitations resulting from the
focus on single alterations in 4Rs fertilizer manage-
ment practices discussed above, interactions among N
management, N sources and other practices, which
indirectly influence N cycling have rarely been
investigated. For example, Petersen et al. (2011)
found a significant interaction between tillage and the
use of cover crops in a manure-amended luvisol. Using
cover crops together with conventional tillage gener-
ated much higher N,O emissions compared to reduced
tillage, both with or without cover crops. The authors
suggested that conventional tillage created better
contact between cover crop residues, slurry and soil,
resulting in rapid decomposition and anaerobic
microsites, which stimulated N,O emissions. Kallen-
bach et al. (2010) found the effect of cover crops
differed depending on the type of irrigation and the
irrigation by cover crop interaction varied between
growing season and non-growing season phases of the
rotation. Studies designed to investigate these kinds of
interactions need to be expanded in order to fully
understand which combinations of management prac-
tices maintain yields while reducing surplus N and
N,O emissions.
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Temporal dynamics of N cycling and N,O emis-
sions also need more attention. Eighty out of the 134
studies in our dataset reported N,O emissions only for
grain crop growing seasons and did not measure N,O
during intervals between cash crops. Thus, a large
proportion of studies missed N,O emissions during
winter or spring-thaw periods which can account for
up to 70% of the annual N,O budget (Nyborg et al.
1997; Wagner-Riddle and Thurtell 1998; Teepe et al.
2001; Dorsch et al. 2004). Future studies must capture
measurements during these crucial periods and report
N,O emissions for these different phases in the
cropping cycling as well as in aggregate for the annual
budget. Another issue that has received less attention
is the impact of management-induced changes occur-
ring over differing time frames. Van Kessel et al.
(2013) found that no-till or reduced tillage reduced
N,O emissions compared to conventional tillage, but
this only occurred after >10 years of implementation.
Fisk et al. (2015) found that different sources of C
affect N cycling and retention at differing time-scales.
The low quality, high C:N residues applied over a
period of ten years impacted long term N retention and
increased soil organic N reservoirs while the highly
labile C additions simulating root exudates impacted
fast N cycling processes such as the competition for
NH, " between nitrification and immobilization. Both
of these changes in N cycling contributed to reduced N
losses via different mechanisms occurring at different
timescales. Future experiments should be designed to
distinguish between the effects of management prac-
tices in the immediate growing season as well as over
longer timeframes in order to design Best Manage-
ment Practices that adapt to management-induced
changes in the soil environment.

Given the large number of interacting factors that
influence N,O emissions, it is not surprising that
developing biogeochemical models that can accu-
rately predict N,O emissions is extremely challenging
(Butterbach-Bahl et al. 2013). While it is evident from
the previous discussions that no single study can
investigate the full range of drivers, the potential for
each study to contribute to our ability to develop useful
process models and Best Management Practices will
be greatly enhanced if experimental designs are
improved to reflect our current understanding of the
abiotic and biotic factors driving N,O in conjunction
with more comprehensive reporting of ecosystem state
factors, management.and.edaphic.conditions. Here we

provide a checklist for information that could greatly
enhance the value of studies on N cycling and N,O for
model development and cross-site analyses (Table 3).
In addition to the listed information, reporting on some
well-developed indicators could greatly enhance our
ability to compare environmental factors across stud-
ies. For example, Nitrate Intensity, the summation of
daily soil nitrate concentration at 0—15 cm depth over
the same period of N,O measurement is a case in
point, proposed by Burton et al. (2008). This indicator
has proven useful and could be reported as standard
quantitative indicator for N availability. The same
approach could be used for other variables that are
typically measured in concert with N,O measurements
including DOC, VWC, relative gas diffusivity and
WFPS (Ball et al. 2014).

From microbes to comprehensive global warming
potential accounting

Finally, two additional issues are crucial for develop-
ing comprehensive plans for mitigating N,O emis-
sions in agriculture. First, the role of soil microbial
community composition, especially with respect to
relevant functional groups that carry out nitrifica-
tion/denitrification is an important biotic factor driv-
ing N,O emissions which, until recently has been
impossible to characterize. There has been a recent
push to establish correlation relationships between the
abundance of functional genes, corresponding process
rates such as nitrification/denitrification and resulting
N,O fluxes with mixed outcomes (Bier et al. 2015;
Rocca et al. 2015). DNA-based measurements reflect
long-term management history and therefore can be
used as indicators or predictors of potential process
rates (Morales et al. 2010; Petersen et al. 2012).
However, using gene abundance to predict N,O
emissions in the field remains elusive, probably
because in situ process rates reflect gene abundance
as well as gene expression and other downstream
regulatory steps which are influenced by changes in
edaphic factors (Philippot and Hallin 2005). With
more state-of-art technologies becoming available in
the future, we will soon have a better understanding of
the mechanisms controlling gene abundance, tran-
scription and translation and enzyme activities. This
knowledge can be used to determine the spatial and
temporal scales at which including information on
microbial communities can be used in predicting
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Table 3 Management and environmental factors that should be reported in agricultural N management and N,O emission studies

Environmental information

Agronomical information

Climatic information Management history
Soil order/series
Soil texture and slope

Soil pH

Grain yield

N, moisture, etc.)
Soil temperature/moisture
Soil NO;, NH4
Total C and N

Other soil N and C pools such as
DON, DOC

Crop rotation (species and cultivar)

Properties of N additions: fertilizer/manure/cover crop biomass, (N and C content, inorganic

N application timing and method

Other management practices held constant across treatments (tillage, irrigation, etc.)

process rates and N,O emissions (Levy-Booth et al.
2014).

Second, we know that soil N,O emissions are only
part of the GHG footprint resulting from any agricul-
tural system. A full accounting of upstream GHG
emissions, such as Life Cycle Analysis, can account
for N,O resulting from manufacturing processes in the
case of N fertilizer or from handling of materials such
as manures. Agricultural management systems differ
greatly in terms of GHG emissions generated from the
inputs, as well as those occurring in the field. For
example, legume based grain systems tend to have
reduced GHG emissions from inputs because biolog-
ically fixed N replaces Haber—-Bosch N, which is an
energy intensive product. A recent study by Sainju
(2016) synthesized the net Global Warming Potential
(GWP) of tillage, fertilizer management and crop
rotations. The results showed that no-till systems
greatly reduced the net GWP compared to conven-
tional tillage, and perennial cropping systems had
lower GWP compared to annual cropping systems.
The three experiments included in the synthesis
suggested reduced GWP when legumes were added
into small-grain rotations, however, limited data made
it difficult to reach conclusions about the impact of
diversified rotations or cover crops and continuous
maize and maize-soybean rotations dominated the
dataset. If these upstream findings are combined with
the results from our analysis of field-level emissions,
many practices that show no significant effect in the
field may actually result in a net reduction of N,O
emissions because of reductions in upstream emis-
sions. Relying only on field losses to guide policy
decisions will not produce outcomes that will lead to
net reductions of No,O or other greenhouse gases.

@ Springer

Conclusion

We were able to reach several key conclusions from
our analyses. We join other authors in calling for
careful management of N fertilizer with continued
efforts to reduce N application rates since N,O
emissions are extremely sensitive to N fertilizer rate.
We specifically recommend that studies of reduced N
rates in conjunction with integrated 4Rs strategies be
undertaken. Furthermore, all other things being equal,
greater N additions lead to increased N,O emissions,
regardless of the N source (i.e. N fertilizer, green
manure or animal manures). For example, increased
N,O emissions from manures compared to N fertiliz-
ers can be attributed to greater N additions in manure
treatments rather than the use of manures per se.
However, manure and N fertilizer interact with soil
texture differently suggesting that fine-tuning N
management to reflect ecosystems state factors is a
necessary next step in N,O mitigation. While only
small portion of past studies on management practices
reported both yield improvement and N,O mitigation,
there is a great potential for achieving environmental-
economic co-benefits through improved N manage-
ment provided these two outcomes are studied
together. ENM practices generally had N,O emissions
during the cash crop growing season that were not
significantly different from conventional fertilizer-
based practices; however this outcome is based on a
small number of studies and N was frequently over-
applied in the ENM systems suggesting it is possible
that with strategic reductions in N rates N,O emissions
could be reduced. We found strong evidence that
replacing bare fallows with covers or cash crops
reduces N,O, and this is in keeping with findings that
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NO;™ leaching is also reduced under these circum-
stances. Further study of ENM practices for N,O
mitigation and overall reduction in agricultural N
losses is warranted. Taken together, our integrated
analysis suggests that there is great potential for
applying N saturation theory to systematically test
hypotheses and develop greater understanding of the
interactions among management practices and
between environmental factors and management
regimes.

The complexity of N,O production processes
requires that cross-scale and interdisciplinary studies
are conducted in order to fully understand how to best
reduce these emissions from food production systems.
At the field scale, agronomic information and N,O
measurements could be used together to design miti-
gation strategies that reduce carbon footprints and
maximize economic benefits. At the landscape scale,
understanding the interaction of landscape character-
istics and management practices would facilitate the
design of Best Management Practices that account for
landscape variability. Information on the soil microbial
community could improve the prediction of N,O
emissions at the field scale and across land uses.

Acknowledgements We thank Christina Tonitto and Jennifer
Blesh for feedback on the data analysis and comments on an
earlier version of this manuscript. We are grateful for two
anonymous reviewers who provided insightful comments
during the review process. Funding for this work was
provided by United States Department of Agriculture-
National Institute of Food and Agriculture (2012-68002-20081).

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unre-
stricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Com-
mons license, and indicate if changes were made.

References

Abalos D, Jeffery S, Drury CF, Wagner-Riddle C (2016)
Improving fertilizer management in the US and Canada for
N,O mitigation: Understanding potential positive and
negative side-effects on corn yields. Agri Ecosyst Environ
221:214-221

Abdalla M, Jones M, Ambus P, Williams M (2010) Emissions of
nitrous oxide from Irish arable soils: effects of tillage and
reduced N input. Nutr Cycl Agroecosyst 86:53-65

Aber JD, Nadelhoffer KJ, Steudler P, Melillo JM (1989)
Nitrogen saturation in northern forest ecosystems. Bio-
science 39:378-386

Adviento-Borbe M, Haddix ML, Binder DL et al (2007) Soil
greenhouse gas fluxes and global warming potential in four
high-yielding maize systems. Glob Change Biol
13:1972-1988

Agren GI, Bosatta E (1988) Nitrogen saturation of terrestrial
ecosystems. Environ Pollut 54:185-197

Aguilera E, Lassaletta L, Sanz-Cobena A et al (2013) The
potential of organic fertilizers and water management to
reduce N,O emissions in Mediterranean climate cropping
systems. A review. Agric Ecosyst Environ 164:32-52

Akiyama H, Yan X, Yagi K (2010) Evaluation of effectiveness
of enhanced-efficiency fertilizers as mitigation options for
N,O and NO emissions from agricultural soils: meta-
analysis. Glob Change Biol 16:1837-1846

Alluvione F, Bertora C, Zavattaro L, Grignani C (2010) Nitrous
oxide and carbon dioxide emissions following green
manure and compost fertilization in corn. Soil Sci Soc Am
J 74:384-395

Attard E, Le Roux X, Charrier X et al (2016) Delayed and
asymmetric responses of soil C pools and N fluxes to
grassland/cropland conversions. Soil Biol Biochem
97:31-39

Baggs EM, Watson CA, Rees RM (2000) The fate of nitrogen
from incorporated cover crop and green manure residues.
Nutr Cycl Agroecosyst 56:153-163

Ball BC, Griffiths BS, Topp CF et al (2014) Seasonal nitrous
oxide emissions from field soils under reduced tillage,
compost application or organic farming. Agric Ecosyst
Environ 189:171-180

Bancroft BA, Baker NJ, Blaustein AR (2007) Effects of UVB
radiation on marine and freshwater organisms: a synthesis
through meta-analysis. Ecol Lett 10:332-345

Barton L, Murphy DV, Butterbach-Bahl K (2013) Influence of
crop rotation and liming on greenhouse gas emissions from
a semi-arid soil. Agric Ecosyst Environ 167:23-32

Basche AD, Miguez FE, Kaspar TC, Castellano MJ (2014) Do
cover crops increase or decrease nitrous oxide emissions?
A meta-analysis. J Soil Water Conserv 69:471-482

Benoit M, Garnier J, Billen G et al (2015) Nitrous oxide emis-
sions and nitrate leaching in an organic and a conventional
cropping system (Seine basin, France). Agric Ecosyst
Environ 213:131-141

Bier RL, Bernhardt ES, Boot CM et al (2015) Linking microbial
community structure and microbial processes: an empirical
and conceptual overview. FEMS Microbiol Ecol 91:fiv113

Blesh J, Drinkwater LE (2013) The impact of nitrogen source
and crop rotation on nitrogen mass balances in the Mis-
sissippi River Basin. Ecol Appl 23:1017-1035

Bouwman AF, Boumans LJM, Batjes NH (2002) Emissions of
N20 and NO from fertilized fields: summary of available
measurement data. Glob Biogeochem Cycles 16:1058

Bowles TM, Hollander AD, Steenwerth K, Jackson LE (2015)
Tightly-coupled plant—soil nitrogen cycling: comparison of
organic farms across an agricultural landscape. PLoS ONE
10:e0131888

Boy-Roura M, Cameron KC, Di HJ (2016) Identification of
nitrate leaching loss indicators through regression methods

@ Springer

www.manaraa.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

352

Nutr Cycl Agroecosyst (2017) 107:335-355

based on a meta-analysis of lysimeter studies. Environ Sci
Pollut Res 23:3671-3680

Burton DL, Li X, Grant CA (2008) Influence of fertilizer
nitrogen source and management practice on N,O emis-
sions from two Black Chernozemic soils. Can J Soil Sci
88:219-227

Butterbach-Bahl K, Baggs EM, Dannenmann M et al (2013)
Nitrous oxide emissions from soils: how well do we
understand the processes and their controls? Philos Trans R
Soc B Biol Sci 368:20130122

Cassman KG, Dobermann A, Walters DT (2002) Agroecosys-
tems, nitrogen-use efficiency, and nitrogen management.
AMBIO J Hum Environ 31:132-140

Castellano M, Schmidt JP, Kaye JP et al (2010) Hydrological
and biogeochemical controls on the timing and magnitude
of nitrous oxide flux across an agricultural landscape. Glob
Change Biol 16:2711-2720

Cavigelli MA, Robertson GP (2000) The functional significance
of denitrifier community composition in a terrestrial
ecosystem. Ecology 81:1402-1414

Chantigny MH, Rochette P, Angers DA et al (2010) Soil nitrous
oxide emissions following band-incorporation of fertilizer
nitrogen and swine manure. J Environ Qual 39:1545-1553

Chapin FS III, Chapin MC, Matson PA, Vitousek P (2011)
Principles of terrestrial ecosystem ecology. Springer, New
York

Chen X-P, Cui Z-L, Vitousek PM et al (2011) Integrated soil—
crop system management for food security. Proc Natl Acad
Sci 108:6399-6404

Chen H, Li X, Hu F, Shi W (2013) Soil nitrous oxide emissions
following crop residue addition: a meta-analysis.Glob
Change Biol 19:2956-2964

Corre M, Van Kessel C, Pennock D (1996) Landscape and
seasonal patterns of nitrous oxide emissions in a semiarid
region. Soil Sci Soc Am J 60:1806-1815

Crowley KF, McNeil BE, Lovett GM et al (2012) Do nutrient
limitation patterns shift from nitrogen toward phosphorus
with increasing nitrogen deposition across the northeastern
United States? Ecosystems 15:940-957

David MB, Drinkwater LE, Mclsaac GF (2010) Sources of
nitrate yields in the Mississippi River Basin. J Environ
Qual 39:1657-1667

De Schrijver A, Verheyen K, Mertens J et al (2008) Nitrogen
saturation and net ecosystem production. Nature 451:E1

Decock C (2014) Mitigating nitrous oxide emissions from corn
cropping systems in the midwestern US: potential and data
gaps. Environ Sci Technol 48:4247-4256

Déorsch P, Palojéarvi A, Mommertz S (2004) Overwinter green-
house gas fluxes in two contrasting agricultural habitats.
Nutr Cycl Agroecosyst 70:117-133

Drinkwater LE, Snapp SS (2007) Nutrients in agroecosystems:
rethinking the management paradigm. Adv Agron
92:163-186

Drinkwater LE, Wagoner P, Sarrantonio M (1998) Legume-
based cropping systems have reduced carbon and nitrogen
losses. Nature 396:262-265

Drinkwater LE, Schipanski M, Snapp SS, Jackson LE (2008)
Ecologically based nutrient management. In: Snapp SS and
Pound B (eds) Agricultural systems: agroecology and rural
innovation for development. Academic Press, Burlington,
Massachusetts, pp.159-208

@ Springer

Drury CF, Yang XM, Reynolds WD, McLaughlin NB (2008)
Nitrous oxide and carbon dioxide emissions from mono-
culture and rotational cropping of corn, soybean and winter
wheat. Can J Soil Sci 88:163

Drury CF, Reynolds WD, Tan CS et al (2014) Impacts of
49-51 years of fertilization and crop rotation on growing
season nitrous oxide emissions, nitrogen uptake and corn
yields. Can J Soil Sci 94:421-433

Eagle AJ, Olander L, Henry LR, et al (2012) Greenhouse gas
mitigation potential of agricultural land management in the
United States: a synthesis of the literature. Technical
working group on agricultural greenhouse gases (T-AGG)
report. Nicholas Institute for Environmental Policy Solu-
tions, Duke University, Durham, NC. http:/
nicholasinstitute.duke.edu/ecosystem/land/TAGGDLIitRev

Edmeades DC (2003) The long-term effects of manures and
fertilisers on soil productivity and quality: a review. Nutr
Cycl Agroecosyst 66:165-180

Fageria NK, Baligar VC (2005) Enhancing nitrogen use effi-
ciency in crop plants. Adv Agron 88:97-185

Fenn ME, Poth MA, Aber JD et al (1998) Nitrogen excess in
North American ecosystems: predisposing factors,
ecosystem responses, and management strategies. Ecol
Appl 8:706-733

Fenn ME, Allen EB, Weiss SB et al (2010) Nitrogen critical
loads and management alternatives for N-impacted
ecosystems in California. J Environ Manag 91:2404-2423

Fisk LM, Barton L, Jones DL et al (2015) Root exudate carbon
mitigates nitrogen loss in a semi-arid soil. Soil Biol Bio-
chem 88:380-389

Forster P, Ramaswamy V, Artaxo P et al (2007) Changes in
atmospheric constituents and in radiative forcing. In:
Solomon S, Qin D, Manning M, Chen Z, Marquis M,
Averyt KB, Tignor M, Miller HL (eds) Climate change
2007. The physical science basis. Contribution of working
group I to the fourth assessment report of the intergov-
ernmental panel on climate change. Cambridge University
Press, Cambridge

Galloway JN, Aber JD, Erisman JW et al (2003) The nitrogen
cascade. Bioscience 53:341-356

Galloway JN, Townsend AR, Erisman JW et al (2008) Trans-
formation of the nitrogen cycle: recent trends, questions,
and potential solutions. Science 320:889-892

Gardner JB, Drinkwater LE (2009) The fate of nitrogen in grain
cropping systems: a meta-analysis of 15 N field experi-
ments. Ecol Appl 19:2167-2184

Gomes J, Bayer C, de Souza Costa F et al (2009) Soil nitrous
oxide emissions in long-term cover crops-based rotations
under subtropical climate. Soil Tillage Res 106:36—44

Gu J, Nicoullaud B, Rochette P et al (2011) Effect of topography
on nitrous oxide emissions from winter wheat fields in
Central France. Environ Pollut 159:3149-3155

Gundersen P, Schmidt IK, Raulund-Rasmussen K (2006)
Leaching of nitrate from temperate forests-effects of air
pollution and forest management. Environ Rev 14:1-57

Halvorson AD, Del Grosso SJ, Reule CA (2008) Nitrogen, til-
lage, and crop rotation effects on nitrous oxide emissions
from irrigated cropping systems. J Environ Qual
37:1337-1344

Halvorson AD, Del Grosso SJ, Alluvione F (2010) Tillage and
inorganic nitrogen source effects on nitrous oxide

www.manaraa.


http://nicholasinstitute.duke.edu/ecosystem/land/TAGGDLitRev
http://nicholasinstitute.duke.edu/ecosystem/land/TAGGDLitRev

Nutr Cycl Agroecosyst (2017) 107:335-355

353

emissions from irrigated cropping systems. Soil Sci Soc
Am J 74:436-445

Hatfield JL, Venterea RT (2014) Enhanced efficiency fertilizers: a
multi-site comparison of the effects on nitrous oxide emis-
sions and agronomic performance. Agron J 106:679-680

Hoben JP, Gehl RJ, Millar N et al (2011) Nonlinear nitrous
oxide (N,O) response to nitrogen fertilizer in on-farm corn
crops of the US Midwest. Glob Change Biol 17:1140-1152

Hou Y, Velthof GL, Oenema O (2015) Mitigation of ammonia,
nitrous oxide and methane emissions from manure man-
agement chains: a meta-analysis and integrated assess-
ment. Glob Change Biol 21:1293-1312

Huang Y, Zou J, Zheng X et al (2004) Nitrous oxide emissions
as influenced by amendment of plant residues with differ-
ent C:N ratios. Soil Biol Biochem 36:973-981. doi:10.
1016/j.50i1bi0.2004.02.009

IPCC (2006) Guidelines for National Greenhouse Gas Inven-
tories. N,O emissions from managed soils, and CO,
emissions from lime and urea application, institute for
global environmental strategies (IGES) for the IPCC
(2006) 4-88788-032-4

Izaurralde RC, Lemke RL, Goddard TW et al (2004) Nitrous
oxide emissions from agricultural toposequences in Alberta
and Saskatchewan. Soil Sci Soc Am J 68:1285-1294

Jacinthe PA, Dick WA (1997) Soil management and nitrous
oxide emissions from cultivated fields in southern Ohio.
Soil Tillage Res 41:221-235

Jantalia CP, dos Santos HP, Urquiaga S et al (2008) Fluxes of
nitrous oxide from soil under different crop rotations and
tillage systems in the South of Brazil. Nutr Cycl Agroe-
cosyst 82:161-173. doi:10.1007/s10705-008-9178-y

JiY,LiuG,Maletal (2012) Effect of controlled-release fertilizer on
nitrous oxide emission from a winter wheat field. Nutr Cycl
Agroecosyst 94:111-122. doi:10.1007/s10705-012-9532-y

Johnson DW, Curtis PS (2001) Effects of forest management on
soil C and N storage: meta analysis. For Ecol Manag
140:227-238

Kallenbach C, Grandy AS (2011) Controls over soil microbial
biomass responses to carbon amendments in agricultural
systems: a meta-analysis. Agric Ecosyst Environ
144:241-252

Kallenbach CM, Rolston DE, Horwath WR (2010) Cover
cropping affects soil N,O and CO, emissions differently
depending on type of irrigation. Agric Ecosyst Environ
137:251-260

Kim D-G, Hernandez-Ramirez G, Giltrap D (2013) Linear and
nonlinear dependency of direct nitrous oxide emissions on
fertilizer nitrogen input: a meta-analysis. Agric Ecosyst
Environ 168:53-65

Komatsuzaki M, Sato Y, Ohta H (2008) Relationships between
fungal biomass and nitrous oxide emission in upland rice
soils under no tillage and cover cropping systems. Microb
Environ 23:201-208

Kramer SB, Reganold JP, Glover JD et al (2006) Reduced
nitrate leaching and enhanced denitrifier activity and effi-
ciency in organically fertilized soils. Proc Natl Acad Sci
USA 103:4522

Levy-Booth DJ, Prescott CE, Grayston SJ (2014) Microbial
functional genes involved in nitrogen fixation, nitrification
and denitrification in forest ecosystems. Soil Biol Biochem
75:11-25

LiJ, Anderson T, Walter MT (2012) Landscape scale variation
in nitrous oxide flux along a typical northeastern US
topographic gradient in the early summer. Water Air Soil
Pollut 223:1571-1580

Li X, Petersen SO, Sgrensen P, Olesen JE (2015) Effects of
contrasting catch crops on nitrogen availability and nitrous
oxide emissions in an organic cropping system. Agric
Ecosyst Environ 199:382-393

Linquist B, Groenigen KJ, Adviento-Borbe MA et al (2012) An
agronomic assessment of greenhouse gas emissions from
major cereal crops. Glob Change Biol 18:194-209

Luo Y, Su BO, Currie WS et al (2004) Progressive nitrogen
limitation of ecosystem responses to rising atmospheric
carbon dioxide. Bioscience 54:731-739

Magnani F, Mencuccini M, Borghetti M et al (2007) The human
footprint in the carbon cycle of temperate and boreal for-
ests. Nature 447:849-851

McDaniel MD, Tiemann LK, Grandy AS (2014) Does agricul-
tural crop diversity enhance soil microbial biomass and
organic matter dynamics? A meta-analysis. Ecol Appl
24:560-570. doi:10.1890/13-0616.1

McSwiney CP, Robertson GP (2005) Nonlinear response of
N,O flux to incremental fertilizer addition in a continuous
maize (Zea mays L.) cropping system. Glob Change Biol
11:1712-1719

Meng Q, Yue S, Hou P et al (2016) Improving yield and nitrogen
use efficiency simultaneously for maize and wheat in
China: a review. Pedosphere 26:137-147

Millar N, Ndufa JK, Cadisch G, Baggs EM (2004) Nitrous oxide
emissions following incorporation of improved-fallow
residues in the humid tropics. Glob Biogeochem Cycles
18:GB1032

Montero-Castafio A, Vila M (2012) Impact of landscape alter-
ation and invasions on pollinators: a meta-analysis. J Ecol
100:884-893

Morales SE, Cosart T, Holben WE (2010) Bacterial gene
abundances as indicators of greenhouse gas emission in
soils. ISME J 4:799-808

Mosier AR, Halvorson AD, Reule CA, Liu XJ (2006) Net global
warming potential and greenhouse gas intensity in irrigated
cropping systems in northeastern Colorado. J Environ Qual
35:1584-1598

Mulholland PJ, Helton AM, Poole GC et al (2008) Stream
denitrification across biomes and its response to anthro-
pogenic nitrate loading. Nature 452:202-205

Negassa W, Price RF, Basir A et al (2015) Cover crop and tillage
systems effect on soil CO, and N,O fluxes in contrasting
topographic positions. Soil Tillage Res 154:64-74

Nyborg M, Laidlaw JW, Solberg ED, Malhi SS (1997) Deni-
trification and nitrous oxide emissions from a Black
Chernozemic soil during spring thaw in Alberta. Can J Soil
Sci 77:153-160

Perala P, Kapuinen P, Esala M et al (2006) Influence of slurry
and mineral fertiliser application techniques on N,O and
CH,4 fluxes from a barley field in southern Finland. Agric
Ecosyst Environ 117:71-78

Petersen SO, Mutegi JK, Hansen EM, Munkholm LJ (2011)
Tillage effects on N,O emissions as influenced by a winter
cover crop. Soil Biol Biochem 43:1509-1517

Petersen DG, Blazewicz SJ, Firestone M et al (2012) Abundance
of microbial genes associated with nitrogen cycling as

@ Springer

www.manaraa.


http://dx.doi.org/10.1016/j.soilbio.2004.02.009
http://dx.doi.org/10.1016/j.soilbio.2004.02.009
http://dx.doi.org/10.1007/s10705-008-9178-y
http://dx.doi.org/10.1007/s10705-012-9532-y
http://dx.doi.org/10.1890/13-0616.1

354

Nutr Cycl Agroecosyst (2017) 107:335-355

indices of biogeochemical process rates across a vegetation
gradient in Alaska. Environ Microbiol 14:993-1008

Philippot L, Hallin S (2005) Finding the missing link between
diversity and activity using denitrifying bacteria as a model
functional community. Curr Opin Microbiol 8:234-239

Plaza-Bonilla D, Alvaro-Fuentes J, Arrtie JL, Cantero-Martinez
C (2014) Tillage and nitrogen fertilization effects on
nitrous oxide yield-scaled emissions in a rainfed Mediter-
ranean area. Agric Ecosyst Environ 189:43-52

Qiao C, Liu L, Hu S et al (2015) How inhibiting nitrification
affects nitrogen cycle and reduces environmental impacts
of anthropogenic nitrogen input. Glob Change Biol
21:1249-1257

Quemada M, Baranski M, Nobel-de Lange MNJ et al (2013)
Meta-analysis of strategies to control nitrate leaching in
irrigated agricultural systems and their effects on crop
yield. Agric Ecosyst Environ 174:1-10

Rasmussen IS, Dresbgll DB, Thorup-Kristensen K (2015)
Winter wheat cultivars and nitrogen (N) fertilization—ef-
fects on root growth, N uptake efficiency and N use effi-
ciency. Eur J Agron 68:38-49

Robertson GP (1989) Nitrification and denitrification in humid
tropical ecosystems: potential controls on nitrogen reten-
tion. Miner Nutr Trop For Savanna Ecosyst 9:55-69

Robertson GP, Swinton SM (2005) Reconciling agricultural
productivity and environmental integrity: a grand chal-
lenge for agriculture. Front Ecol Environ 3:38-46

Robertson GP, Vitousek PM (2009) Nitrogen in agriculture:
balancing the cost of an essential resource. Annu Rev
Environ Resour 34:97-125

Robertson GP, Paul EA, Harwood RR (2000) Greenhouse gases
in intensive agriculture: contributions of individual gases
to the radiative forcing of the atmosphere. Science
289:1922

Rocca JD, Hall EK, Lennon JT et al (2015) Relationships
between protein-encoding gene abundance and corre-
sponding process are commonly assumed yet rarely
observed. ISME J 9:1693-1699

Sainju UM (2016) A global meta-analysis on the impact of
management practices on net global warming potential and
greenhouse gas intensity from cropland soils. PLoS ONE
11:e0148527

Schelde K, Cellier P, Bertolini T et al (2011) Nitrous oxide
emissions at the landscape scale: spatial and temporal
variability. Biogeosci Discuss 8:11941-11978

Schlesinger WH (2009) On the fate of anthropogenic nitrogen.
Proc Natl Acad Sci 106:203-208

Sehy U, Ruser R, Munch JC (2003) Nitrous oxide fluxes from
maize fields: relationship to yield, site-specific fertiliza-
tion, and soil conditions. Agric Ecosyst Environ 99:97-111

Sela S, van Es HM, Moebius-Clune BN et al (2016) Adapt-N
outperforms grower-selected nitrogen rates in Northeast
and Midwestern United States strip trials. Agron J
108:1726-1734

Shaddox TW, Bryan Unruh J, Trenholm LE et al (2016)
Nitrogen rate required for acceptable St. Augustinegrass
and associated nitrate leaching. Crop Sci 56:439—451

Shcherbak I, Millar N, Robertson GP (2014) Global metaanal-
ysis of the nonlinear response of soil nitrous oxide (N,O)
emissions to fertilizer nitrogen. Proc Natl Acad Sci
111:9199-9204

@ Springer

Sistani KR, Jn-Baptiste M, Lovanh N, Cook KL (2011) Atmo-
spheric emissions of nitrous oxide, methane, and carbon
dioxide from different nitrogen fertilizers. J Environ Qual
40:1797-1805

Sommer SG, Hutchings NJ (2001) Ammonia emission from
field applied manure and its reduction—invited paper. Eur
J Agron 15:1-15

Stehfest E, Bouwman L (2006) N,O and NO emission from
agricultural fields and soils under natural vegetation:
summarizing available measurement data and modeling of
global annual emissions. Nutr Cycl Agroecosyst
74:207-228

Stevenson CK, Baldwin CS (1969) Effect of time and method of
nitrogen application and source of nitrogen on the yield and
nitrogen content of corn (Zea mays L.). Agron ]
61:381-384

Stivers LJ, Shennan C (1991) Meeting the nitrogen needs of
processing tomatoes through winter cover cropping. J Prod
Agric 4:330-335

Teepe R, Brumme R, Beese F (2001) Nitrous oxide emissions
from soil during freezing and thawing periods. Soil Biol
Biochem 33:1269-1275

Thorburn PJ, Biggs JS, Webster AJ, Biggs IM (2011) An
improved way to determine nitrogen fertiliser requirements
of sugarcane crops to meet global environmental chal-
lenges. Plant Soil 339:51-67

Thorup-Kristensen K, Magid J, Jensen LS (2003) Catch crops
and green manures as biological tools in nitrogen man-
agement in temperate zones. Adv Agron 79:227-302

Tonitto C, David MB, Drinkwater LE (2006) Replacing bare
fallows with cover crops in fertilizer-intensive cropping
systems: a meta-analysis of crop yield and N dynamics.
Agric Ecosyst Environ 112:58-72

Tosti G, Farneselli M, Benincasa P, Guiducci M (2016) Nitro-
gen fertilization strategies for organic wheat production:
crop yield and nitrate leaching. Agron J 108:770-781

Van Groenigen JW, Kasper GJ, Velthof GL et al (2004) Nitrous
oxide emissions from silage maize fields under different
mineral nitrogen fertilizer and slurry applications. Plant
Soil 263:101-111

Van Groenigen JW, Velthof GL, Oenema O et al (2010)
Towards an agronomic assessment of N,O emissions: a
case study for arable crops. Eur J Soil Sci 61:903-913

Van Kessel C, Venterea R, Six J et al (2013) Climate, duration,
and N placement determine N,O emissions in reduced
tillage systems: a meta-analysis. Glob Change Biol
19:33-44

Velthof GL, Mosquera J (2011) The impact of slurry application
technique on nitrous oxide emission from agricultural soils.
Agric Ecosyst Environ 140:298-308

Venterea RT, Hyatt CR, Rosen CJ (2011) Fertilizer manage-
ment effects on nitrate leaching and indirect nitrous oxide
emissions in irrigated potato production. J Environ Qual
40:1103-1112

Venterea RT, Coulter JA, Dolan MS (2016) Evaluation of
intensive “4R” strategies for decreasing nitrous oxide
emissions and nitrogen surplus in rainfed corn. J Environ
Qual 45:1186-1195

Vilain G, Garnier J, Tallec G, Cellier P (2010) Effect of slope
position and land use on nitrous oxide (N,O) emissions
(Seine Basin, France). Agric For Meteorol 150:1192-1202

www.manaraa.



Nutr Cycl Agroecosyst (2017) 107:335-355

355

Vitousek PM, Aber JD, Howarth RW et al (1997) Human
alteration of the global nitrogen cycle: sources and conse-
quences. Ecol Appl 7:737-750

Vitousek PM, Porder S, Houlton BZ, Chadwick OA (2010)
Terrestrial phosphorus limitation: mechanisms, implica-
tions, and nitrogen—phosphorus interactions. Ecol Appl
20:5-15

ol L ZJI_E.LI

Wagner-Riddle C, Thurtell GW (1998) Nitrous oxide emissions
from agricultural fields during winter and spring thaw as
affected by management practices. Nutr Cycl Agroecosyst
52:151-163

Welch LF, Mulvaney DL, Oldham MG et al (1971) Corn yields
with fall, spring, and sidedress nitrogen. Agron J 63:119—
123

@ Springer

www.manaraa.



© 2017. This work is published under
http://creativecommons.org/licenses/by/4.0/(the “License”).
Notwithstanding the ProQuest Terms and Conditions, you may use
this content in accordance with the terms of the License.

www.manaraa.




	N2O emissions from grain cropping systems: a meta-analysis of the impacts of fertilizer-based and ecologically-based nutrient management strategies
	Abstract
	Introduction
	Nitrogen saturation theory and agroecosystems
	Agricultural practices and their impact on N2O emissions

	Methodology
	Building the dataset
	Categorizing the management strategies
	Data analysis

	Results
	Overview of dataset
	Strategies aimed at FUE
	Manure compared to Inorganic fertilizer
	Ecological nutrient management strategies
	Impacts on N2O emissions and associated yield consequences

	Discussion
	Fertilizer management
	Manure management
	Ecologically-based nutrient management practices
	Tradeoff between yield and N2O mitigation
	Improving empirical research on N2O emissions from agriculture
	From microbes to comprehensive global warming potential accounting

	Conclusion
	Acknowledgements
	References




